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The channeling of spin waves with domain walls in ultrathin ferromagnetic films is demonstrated
theoretically and through micromagnetics simulations. It is shown that propagating excitations
localized to the wall, which appear in the frequency gap of bulk spin wave modes, can be guided
effectively in curved geometries and can propagate in close proximity to other channels with no per-
ceptible scattering or loss in coherence. For Ne´el-type walls arising from an interfacial Dzyaloshinskii-
Moriya interaction, the channeling is strongly nonreciprocal and group velocities can exceed 1 km/s
in the long wavelength limit for certain propagation directions.
PACS numbers: 75.30.Ds, 75.40.Gb, 75.78.Fg, 85.70.Kh
Spin waves are elementary excitations of magnetically
ordered systems and their currents carry spin angular
momentum like electron spin currents. Because of this,
spin wave dynamics in thin ferromagnetic films have
gained renewed interest in the context of low-power nano-
electronics, where spin waves have been proposed as use-
ful vectors for information transfer and processing that
minimize dissipation related to charge currents [1]. Such
efforts involving the generation and control of spin wave
propagation, band structure design through the use of
metamaterials, and interactions with spin-polarized cur-
rents form the core of magnonics [2–5]. Because mag-
netization dynamics is inherently nonlinear, a quantita-
tive description of spin wave dynamics in nanostructured
materials remains a challenging problem for both funda-
mental and applied aspects.
Before magnonic devices can become a feasible alter-
native for information technologies, a number of phys-
ical issues require further consideration. First, the ca-
pacity to propagate spin waves efficiently along curved
paths is essential for any form of circuit design and is
a crucial element of wave processing schemes that rely
on spin wave interference [6]. While propagation along
curved wires has been demonstrated experimentally with
the assistance of current-induced Oersted fields [7] that
minimizes scattering [8], it remains unclear whether such
schemes are feasible in complex magnonic circuits. Sec-
ond, wave packet dispersion can be problematic for main-
taining coherence over distances of several microns, since
ferromagnetic spin waves are largely dispersive, particu-
larly at shorter wavelengths at which the exchange inter-
action dominates. Finally, issues related to lithography
and nanofabrication, such as edge roughness or variabil-
ity in device dimensions, may become prohibitive for re-
producible spin wave properties at sizes below 100 nm.
Here, we present a paradigm for spin wave propagation
that relies on magnetic domain walls as natural waveg-
uides. It is well established that spin waves propagating
across a domain wall experience a scattering potential,
which for static Bloch-type walls is reflectionless [9, 10]
and only leads to phase shifts [6, 11] but can result in mo-
mentum transfer for dynamic walls [12–14]. Phenomena
related to the latter have motivated studies examining
how domain wall motion can be effected by spin waves
alone [15–19]. Instead, we focus on a class of eigenmodes
localized to the domain wall center but which propa-
gate freely in the direction parallel to the wall as a re-
sult of a confining potential. We show theoretically and
through micromagnetics simulations that such modes can
be channeled effectively even in curved geometries with
no measurable scattering or loss of coherence, particu-
larly for excitation frequencies in the gap of bulk spin
wave modes. Furthermore, we illustrate the effects of
nonreciprocity for Ne´el-type domain walls resulting from
a finite Dzyaloshinskii-Moriya interaction, which leads to
weaker wave packet dispersion for certain propagation di-
rections.
The basic principle underpinning the domain wall
magnonic waveguide is illustrated in Fig. 1. Consider
a thin rectangular ferromagnetic wire with perpendicu-
lar magnetic anisotropy along the z-axis. A domain wall
separates two uniformly magnetized “up” and “down”
states with the wall axis along y, which is perpendicu-
lar to the wire axis x. The spin waves considered are
associated with localized domain wall eigenmodes that
propagate along the x direction, parallel to the domain
wall. In the micromagnetics simulations used [20], these
modes are driven by a microwave antenna that is mod-
eled as a line source of a sinusoidal excitation field hrf .
In the presence of an isotropic exchange and dipole-
dipole interactions, the Bloch-type domain wall mini-
mizes the volume dipolar interaction and it is charac-
terized by moments that rotate in a plane (xz) perpen-
dicular to the wall direction (y). For this wall type, it
has been shown by Winter that there exists a family of
spin wave eigenmodes,
ψk(x, y, t) = exp
[
i(ΩBk t− kxx)
]
sech (y/λ) , (1)
which are localized in the direction perpendicular to the
domain wall (y) on a length scale λ but propagate as
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FIG. 1. (Color online) A magnonic waveguide based on a do-
main wall (DW). (a) Geometry for spin wave propagation
along the center of the wall, where an radiofrequency an-
tenna generating an alternating field hrf excites spin waves
that propagate along the (x). (b, d) Dispersion relation for
channeled Bloch (b, red curve), ΩBk , and Ne´el (d, blue curve),
ΩNk , domain wall spin wave modes in comparison with bulk
spin waves (black curve), Ωuk. For the Ne´el wall case, D = 1.5
mJ/m2. (c, e) Simulation results of propagating modes for
excitation field frequencies in the bulk (50 GHz) and in the
gap (10 GHz) for Bloch (c) and Ne´el (e) walls. These driving
frequencies are shown as dashed lines in (b, d).
plane waves parallel to the domain wall (x) [9]. Here,
λ =
√
A/K0 represents the characteristic wall width pa-
rameter where A is the exchange, K0 = Ku − µ0M2s /2
is the effective perpendicular anisotropy constant, and
Ms is the saturation magnetization. These modes are
exchange-dominated spin wave modes that are described
by the dispersion relation
ΩBk =
√
ωk (ωk + ω⊥), (2)
where ωk = 2γAk
2
x/Ms is the quadratic exchange part,
ω⊥ = 2γK⊥/Ms, and K⊥ = µ0NyM2s /2 is a transverse
anisotropy that represents the dipolar interaction due to
volume charges at the domain wall center, with Ny repre-
senting an effective demagnetization constant along the
wall axis y. For ultrathin films Ny ≈ d/(d + λ), where
d is the film thickness [21]. Note that these modes are
gapless because the effective field associated with the per-
pendicular anisotropy cancels out at the wall center. In
Fig. 1(b), the dispersion relation (2) is shown in compar-
ison with the usual bulk spin wave modes for the uni-
formly magnetized state,
Ωuk = ωk +
2γK0
Ms
, (3)
where we have assumed A = 15 pJ/m, Ku = 1 MJ/m
3,
Ms = 1 MA/m, and d = 1 nm. For a microwave field ex-
citation in the frequency gap of the bulk modes Ωuk, which
is determined by 2γK0/Ms, one observes that only the
localized Winter modes ΩBk are excited and are effectively
channeled along the domain wall center [Fig. 1(c), exci-
tation at 10 GHz], which acts as a local potential well
for these spin wave modes. When the microwave field
is applied in the frequency band of the bulk modes, the
channeling phenomenon is preserved whereby the local-
ized modes can be seen to propagate with a higher wave
vector than the bulk modes [Fig. 1(c), excitation at 50
GHz].
For ultrathin ferromagnetic films in contact with a
large spin-orbit coupling material in asymmetric multi-
layer stacks, an interfacial Dzyaloshinskii-Moriya interac-
tion (DMI) [22–25] may appear that favors a Ne´el-type
domain wall profile as a ground state [26, 27]. The mo-
ments in this wall type rotate in a plane (yz) that is
parallel to the wall direction (y), which leads to an in-
crease in the volume dipole-dipole interaction but which
is subsequently compensated by the DMI above a criti-
cal value, D > Dc [27]. In this case, the inclusion of the
DMI leads to a hybridization of the Winter modes [28].
Nevertheless, an expression of the channeling spin wave
mode frequencies for Ne´el-type walls can be found us-
ing perturbation theory by using the Winter modes in
(1) as a scattering basis, which involves computing fre-
quency shifts due to terms such as 〈ψk| sech (y/λ)|ψk〉
and 〈ψk| sech (y/λ)∂x|ψk〉 [28]. The resulting eigenfre-
quencies are found to be
ΩN±k =
√
ωk
(
ωk − ω⊥ + ωD,k
kλ
)
± ωD,k, (4)
where ωD,k = piγDkx/2Ms. In addition to an elliptic-
ity in the precession, the DMI results in a linear wave
vector dependence for the mode frequency, which is con-
sistent with behavior in other geometries [28–31]. How-
ever, this linear kx dependence does not lead to a simple
shift in the quadratic dispersion relation as a result of
the ellipticity. Instead, the dispersion relation becomes
markedly asymmetric with respect to kx = 0 [Fig. 1(d)],
where a quasi-linear variation is seen for kx > 0 while
a strongly quadratic variation is preserved for kx < 0.
This asymmetry leads to pronounced differences in the
left- and right-propagating wave vectors, which can be
seen for microwave field excitations in the frequency gap
and in the frequency band of the bulk spin wave modes
[Fig. 1(e)]. The channeling properties of the Ne´el-type
wall are preserved even in cases where the localized and
propagating mode frequencies are closely spaced, which
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FIG. 2. (Color online) Simulated dispersion relation for chan-
neled and bulk spin waves. Ωuk indicate bulk modes. The
channeled modes for Bloch-type (ΩBk ) and Ne´el-type (Ω
N±
k )
walls are computed, where D = 3 mJ/m2 for the latter and
the sign indicates propagation relative to the wall chirality.
The points represent simulated values and lines are based on
Eqs. (2), (3), and (4). The inset shows the three-domain
geometry with two parallel domain wall channels.
can be seen for the kx > 0 propagation at around 50
GHz in Fig. 1(e). Note that in the limit of k → 0 and
ω⊥ → 0, Eq. (4) predicts an instability in the domain
wall ground state ΩN−k = 0 for a critical value of the
DMI, Dc2 = 4
√
AK0/pi, which is consistent with previ-
ous work [26, 27]. Our micromagnetics simulations in-
deed show that straight domain walls become unstable
for D > Dc2.
To determine the accuracy of the perturbation the-
ory and to explore simultaneous propagation along mul-
tiple channels, the spin wave mode frequencies were
computed using micromagnetics simulations for a three-
domain structure comprising two parallel domain walls.
The simulated dispersion relations for kx > 0 propaga-
tion in this configuration are presented in Fig. 2. As
before, two distinct systems are considered, Bloch-type
walls (D = 0) and Ne´el-type walls (D = 3 mJ/m2). For
all channeled domain wall and bulk modes, the analyt-
ical theory gives a good account of the simulated dis-
persion relations, where discrepancies may arise due to
limits in the wave vector resolution resulting from the
finite size of the simulation grid. For the Ne´el wall case,
we observe two frequency branches since the propaga-
tion in the two domain wall channels occur for different
relative chiralities of the domain wall. No discernible in-
terference is observed between the two channels, which
indicates that the wall modes can propagate with dis-
tinct wave vectors along the different channels with min-
imal “crosstalk”. An interesting property of these Ne´el
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FIG. 3. (Color online) (a) Spin wave channeling around a
curved track through two Ne´el-type domain walls (D = 1
mJ/m2). Fluctuations in the mz magnetization component
are shown as a color code for a microwave excitation frequency
of 5 GHz, where the simulated microwave antenna is situated
at the top of the track. The area of the simulated region is
1600 nm × 1600 nm. The width of the wire is 200 nm and
the thickness is 1 nm. (b) Equilibrium configuration of the
curved track comprising three domains. The inset shows a
schematic of the magnetization profile in a cross section at
the top of the track.
wall branches is that the difference in their frequencies,
∆ΩNk = Ω
N+
k − ΩN−k = 2ωD,k, is simply proportional to
the constant D. Therefore, a simultaneous measurement
of these two branches may offer a means of probing the
strength of the DMI in such systems.
The possibility of guiding spin waves using domain
walls in curved geometries is shown in Fig. 3. A 200 nm
wide curved track with a 90◦ degree bend is considered,
with a radius of curvature of approximately 1600 nm for
the outer edge. The magnetic state of the track com-
prises a three-domain structure, where the domain walls
run approximately parallel to the track edges. In order
to stabilize this domain state, a DMI of D = 1 mJ/m2
was used to ensure that the domain walls are not expelled
from the track as a result of dipolar interactions. A mi-
crowave antenna is placed at one end of the track, which
excites spin waves that propagate in a counterclockwise
direction along the track. Fig. 3 illustrates the propaga-
tion for an excitation frequency of 5 GHz, which is in the
frequency gap of the bulk modes. One observes a clear
channeling effect as a result of the domain wall waveg-
uides, where the spin waves can be seen to propagate
along the curved track without any apparent scattering
or loss of coherence, and again there is no perceptible
interference between the two domain wall channels. The
nonreciprocal effect due to the different relative chiral-
ities seen for the propagating modes is also preserved,
4which suggests that closely-spaced domain walls can act
as independent channels along as excitations in the fre-
quency gap of the bulk modes are considered. While
this geometry may be difficult to realize experimentally,
it serves to illustrate the salient features of the domain
wall magnonic waveguides in a curved geometry.
The dispersion relation for the Ne´el wall modes has in-
teresting consequences for wave packet propagation. In
the ultrathin film geometry in which a strong perpendic-
ular anisotropy is present, the bulk spin wave spectrum
is mainly exchange-dominated and exhibits a quadratic
dispersion relation, as illustrated in Figs. 1(b) and 2. As
such, wave packets comprising bulk spin waves in the
long wavelength limit, k → 0, exhibit strong dispersion
and a vanishing group velocity, vg, since v
u
g ≡ ∂kΩuk =
4γAk/Ms is linear in k and vanishes as k → 0. For Bloch-
type walls, vg for the channeled mode remains finite in
this limit as a result of the weak ellipticity of the preces-
sion, with a value of vBg0 ≡ vBg (k = 0) = γ
√
2AK⊥/Ms,
which is approximately 76 m/s with the numerical pa-
rameters considered here. For Ne´el-type walls, the chan-
neled spin wave modes in the long wavelength limit pos-
sess a group velocity characterized by
vN±g0 =
γ
Ms
(√
A
(
piD
λ
− 2K⊥
)
± piD
2
)
, (5)
which is found from Eq. (4). A striking feature is that
the group velocity of the two branches can have large fi-
nite values even in the long wavelength limit, but which
are strongly dependent on the propagation direction as
shown in Fig. 4. The difference in vN±g0 between the two
branches is simply proportional to D, but the functional
form of vN±g0 (D) itself is nontrivial and is shown in the
inset of Fig. 4(a). It is interesting to note that the group
velocity for the ΩNk branch tends towards zero as D in-
creases, which is mirrored by an increasing group velocity
for the ΩN+k mode. For a moderate valueD = 1.5 mJ/m
2,
vN+g0 ≈ 1000 m/s, which might be a useful characteristic
for information technologies.
An illustration of nonreciprocal wave packet propa-
gation computed using micromagnetics simulations is
shown in Fig. 4(b). The wave packets are generated with
a field pulse at x = 0 that comprises a sine wave os-
cillation, hp = hp0 sin(2piνpt) with hp0 = 100 mT and
νp = 7.5 GHz, over one period. This form allows bet-
ter wave vector selection in reciprocal space, since the
Fourier transform of this function is peaked at a finite
value of kx. The wave packet is generated in a straight
Ne´el-type wall [cf. Fig. 1(e)] with a large value of the
DMI, D = 3 mJ/m2, in order to better visualize the
nonreciprocity. The temporal evolution of the mz com-
ponent of the wave packet is shown for three instants af-
ter the initiation of the pulsed field. Propagation towards
the −x direction involves the ΩN−k branch and exhibits
strong dispersion, where the wave packet spreads out over
1000
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FIG. 4. (Color online) (a) Group velocity for the channeled
and bulk spin waves. Ωuk indicate bulk modes. The channeled
modes for Bloch-type (ΩBk ) and Ne´el-type (Ω
N±
k ) walls (D = 1
mJ/m2) are computed, where the sign for the latter indicate
propagation relative to the wall chirality. The inset shows the
k → 0 limit of the group velocity for the two Ne´el wall modes
as a function of the Dzyaloshinskii-Moriya constant, D. (b)
Wave packets in a Ne´el wall channel (D = 3 mJ/m2) at three
instants after generation by a sinusoidal pulse with νp = 7.5
GHz.
a micron after 1.5 ns. On the other hand, the propagation
along the +x direction (ΩN+k ) exhibits a much weaker dis-
persion where the wave packet can be observed to retain
its shape after propagating over 2 µm. The decrease in
amplitude for the ΩN+k packet is related to Gilbert damp-
ing (α = 0.01), rather than dispersion. The wave packet
velocity for ΩN+k computed from simulation is approxi-
mately 1550 m/s, which is close to the value of ≈ 1700
m/s expected from the analytical theory. Good agree-
ment for the velocity is also found for the ΩN−k branch,
where simulations give a value of ≈ 750 m/s while the
analytical theory predicts a group velocity of ≈ 775 m/s.
The channeling properties of domain walls overcome
some of the issues highlighted in the introduction. Be-
cause domain walls are topological solitons their spin
structure is primarily governed by intrinsic properties of
the magnetic material, which makes them less sensitive
to issues related to lithography or nanofabrication such
as edge roughness or sample-to-sample reproducibility.
5Channeling along curved walls might prove to be use-
ful for modulating propagation lengths for applications
involving interference, but it would at the very least re-
lax constraints on how straight spin wave conduits need
to be for magnonic circuits based on such waveguides
to function. Finally, reconfigurable waveguide schemes
based on domain structures could be envisaged, where
the number, spacing, and shape of domain wall arrays
could be modified with applied fields or spin-polarized
currents.
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